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E-mail address: geiger@botanik.uni-wuerzburg.deVacuolar tandem-pore channels could not be analysed in Xenopus oocytes so far, due to misguided
translocation. Owing to the conservation of their pore regions, we were able to prepare functional
pore-chimeras between the plasmamembrane localised TPK4 and vacuolar TPKs. Thereby, we found
evidence that TPK2, TPK3 and TPK5, just like TPK4, form potassium-selective channels with instan-
taneous current kinetics. Homology modelling and mutational analyses identiﬁed a pore-located
aspartate residue (Asp110), which is involved in potassium permeation as well as in inward rectiﬁ-
cation of TPK4. Furthermore, dominant-negative mutations in the selectivity ﬁlter of either pore
one or two (Asp86, Asp200) rendered TPK4 non-functional. This observation supports the notion
that the functional TPK4 channel complex is formed by two subunits.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The ﬁrst structure of a potassium channel was obtained by crys-
tallography from the Streptomyces lividans’ KscA. This bacterial pro-
totype of a potassium channel consists of four subunits each
contributing two transmembrane domains (TM) and one pore re-
gion (P). This pore region forms the outer part of the actual pore
and is built by a irregular loop sequence called turret, an a-helical
domain called pore-helix and the signature sequence (TXXTXGYG
[1]) containing the ion selectivity ﬁlter [2]. Potassium ions can en-
ter the pore from both sides, become dehydrated at the selectivity
ﬁlter and are coordinated by the carbonyl oxygen’s of the selectiv-
ity ﬁlter main chain and the tyrosine hydroxyl oxygen [2,3]. Since
sodium ions are smaller (0.95 Å versus 1.33 Å for potassium cat-
ions) dehydration energy cannot be compensated by the main
chain oxygen coordination and thus sodium is excluded from chan-
nel permeation. In contrast the larger cation, rubidium (1.48 Å)
resembles potassium in size and therefore permeates most K+
channels [2].
The most primitive potassium channel subunit (2TM-1P) can be
found in all kingdoms of life – even in some viruses [4]. There are
several descendants of this prototypic potassium channel,chemical Societies. Published by E
(D. Geiger).which either exhibit four additional TMs per subunit (Shaker-like;
6TM-1P), an additional Shaker subunit (TOK; 8TM-2P), a Shaker
subunit plus an N-terminal TM (BK channels; 7TM-1P), or a tan-
dem version (TPK/KCNK; 4TM-2P). A feature of the latter group is
the missing or weak voltage dependence. Thus these channels
are believed to mediate background potassium currents and con-
trol membrane potentials in animals [5–14] and plants [15,16].
The plant two-pore channels are gated by pH [15], Ca2+ [16] and
14-3-3 proteins [17]. Most of the knowledge about plant tan-
dem-pore channels originates from the Arabidopsis thaliana potas-
sium channels TPK1 and TPK4. TPK1 constitutes a ubiquitously
expressed, 14-3-3 and Ca2+ activated potassium channel in the vac-
uolar membrane [16–18]. Recent localisation studies showed that
trafﬁcking of TPK1 depends on a carboxy-terminal diacidic motif,
which is not present in its vacuolar homologs TPK2, TPK3 and
TPK5 [19]. TPK4 constitutes a weakly inward-rectifying, HþðiÞ
blocked potassium channel solely expressed in the pollen plasma
membrane [15].
So far the biophysical properties of the Arabidopsis vacuolar TPK
channels, TPK2, TPK3, and TPK5, remain unknown. In order to
characterise functional domains of these vacuolar TPKs by the
Double-Electrode Voltage-Clamp technique (DEVC) we performed
domain-swapping experiments with TPK4 and vacuolar TPKs.
Using this approach and homology modelling we could identify
Asp110 as essential residue for TPK4 channel rectiﬁcation.lsevier B.V. All rights reserved.
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2.1. Phylogenetic analysis of tandem-pore potassium channels
For an overview of the distribution of tandem-pore ion channels
in all branches of life we compared DNA and Protein sequences of
tandem-pore ion channels using AtTPK1 and/or AtTPK4 protein se-
quences as template. Using this bioinformatic approach we could
retrieve putative plant, fungal and animal tandem-pore potassium
channel sequences. Protists of the geni Ostreococcus, Aureococcus,
Thalassiosira, Naegleria, Phytophthora, Monosiga and Phaeodactylum
seem to possess putative tandem-pore potassium channels, too.
Although similarities of these tandem-pore channels to prokaryotic
potassium channels of the 2TM-1P type exist, we could not identify
tandem-pore arrangements among prokaryotic species’ genomes
at Genbank. Thus occurrence of tandem-pore potassium channels
seems unique to eukaryotes.
Following blast-search we generated a phylogram (Supplemen-
tary Fig. S1), showing that tandem-pore channels of different king-
doms branch into distinct groups. Plant TPK channels are divided
into a TPK1- and TPK2-subfamily with AtTPK3, AtTPK4 and AtTPK5
belonging to the latter. The subdivision of the plant TPK-family is
supported by the ﬁnding and analysis of duplicated chromosomal
segments in the A. thaliana genome [20] (Table 1). Localisation of
TPK genes in large paralogous blocks of three A. thaliana chromo-
somes shows that TPK2 and TPK3, as well as TPK4 and TPK5 are
duplicates and might have emerged from a relatively young poly-
ploidy event 24–40 mya (million years ago) [20]. Furthermore
the genes of TPK2 and TPK5 lie within a very small block (three
duplicated genes) of undeﬁned age [20]. Although a block size of
3 might be spurious, combining this observation with our phyloge-
netic analysis suggests a common ancestor for TPK2, TPK3, TPK4,
and TPK5. KCO3, which shows high similarity to TPK2 (Supplemen-
tary Table S1), locates next to TPK2 on chromosome 5 (gene locus
identiﬁers TPK2/At5g46370 and KCO3/At5g46360), but is not
duplicated like TPK2. Assuming parsimony the most likely scenario
for the origin of KCO3 is a small intrachromosomal duplicationTable 1
Localisation of TPK/KCO channels on paralogous blocks within Arabidopsis thaliana
chromosomes [20].
Channel/
chromosome
Block number Sizea Densityb Age class Duplicate/
chromosome
TPK1/5 0405189803620 134 28.44 Recent no dup./4
TPK2/5 0405128403640 89 28.85 Recent TPK3/4
0405016800210 3 14.64 Undeﬁned TPK5/4
TPK3/4 0405128403640 89 28.85 Recent TPK2/5
TPK4/1 0104000102440 65 23.44 Recent TPK5/4
KCO3/5 0405128403640 89 28.85 Recent no dup./4
TPK5/4 0104000102440 65 23.44 Recent TPK4/1
0405016800210 3 14.64 Undeﬁned TPK2/5
a Size = number of duplicated genes within the block.
b Density = fraction of duplicated genes within a block.
Table 2
Amino acid substitutions in the potassium selectivity ﬁlter motif of 114 putative tandem-
Domain/no. of channels Pore 1
T V G Y G
Plant/44 S3a I17
Animal/41 I36 T3 S1 F6
Fungi/19 I10 L L9 F5 I4
Protist/14 I2 A T F2 L
a The numbers display how often the respective amino acid residue in the pore is excshortly after TPK2 and TPK3 diverged from each other. Subse-
quently the duplication had to be followed by a partial deletion
of the ancestral tandem-pore channel resulting in a one-pore chan-
nel. TPK1, which is also located on a paralogous block of young age
(24–40 mya) [20] is not duplicated and thus could not be linked to
the other AtTPKs. Probably, the divergence of TPK1- and TPK2-
subfamilies took place even before vascular plants and bryophytes
diverged, since the three TPK channels of the bryophyte Physcomit-
rella patens ssp. patens (Pp1, Pp2, Pp3) can be equally assigned to
both subfamilies (Supplementary Fig. S1).
Regarding the composition of the conserved pore regions of 114
tandem-pore channels, a striking difference between plant tan-
dem-pore channels and tandem-pore channels from other king-
doms could be observed. Within the selectivity ﬁlters of 44 plant
tandem-pore channels examined, almost all share the selectivity
ﬁlter sequence GYGD in the ﬁrst and second pore-domain. Remark-
ably the second pore of two BY-2 cell-derived tobacco TPKs con-
tained major deviations from the GYG signature sequence (GHG
in NtTPK1b and VHG in NtTPK1c) but complemented K+ uptake-
deﬁcient Escherichia coli strains [21]. The tandem-pore channels
of fungi and animals exhibit a much higher substitution rate for
the tyrosine (fungi ﬁrst pore, animal second pore) and aspartate
residues (animal ﬁrst pore) (Table 2).
2.2. The pore-domains of vacuolar TPKs complement TPK4
So far, the functional classiﬁcation of the Arabidopsis vacuolar K+
channels TPK2, TPK3 and TPK5 were solely based on sequence
homologies. In line with most of the vacuolar transport proteins,
heterologous expression, e.g. in Xenopus oocytes, of TPK1, 2, 3
and 5 did not result in functional plasma membrane localised K+
channels. To overcome this problem, which is most likely due to
mistargeting, we generated chimeric channels between the plasma
membrane localised TPK4 and the vacuolar TPKs. Because of the
sequence similarities and common structural and physical de-
mands on pore architectures we assumed that pore-domain swap-
ping should result in functional potassium channels. These
chimeric channels should therefore show a mixture of the electri-
cal properties from both parental channels (cf. [22]). Employing
TPK channels of A. thaliana for pore-domain swapping experiments
we replaced the second pore of TPK4 by the second pore of all other
TPKs and that of the one-pore channel KCO3. To ensure transfer of
the complete pore region we introduced restriction sites within the
transmembrane helices TM3 and TM4. For the introduction of the
restriction sites silent mutations were used whenever possible,
otherwise we introduced amino acids that represent a conservative
amino acid exchange (Supplementary Fig. S2b).
In contrast to Shaker-like potassium channels, tandem-pore
potassium channels harbour two pore-regions within a single sub-
unit. Thus, the replacement of the second pore should lead to
potassium channels with a chimeric but symmetric pore. To study
the electrical properties of these chimeric channels in comparison
to TPK4, we used the Xenopus laevis oocyte system combined withpore potassium channels.
Pore 2
D T V G Y G D
S A L21 V1 H2 F1
N23 M4 T2 S Y I26 F33 L4 I2 E
N2 I18 T V
S2 I5 T F3
hanged, the amino acid residues are depicted in single amino acid code.
Fig. 2. Permeability ratios of different TPK pore mutants. Permeability ratios
(Rb+/K+ and Na+/K+) were calculated from oocytes expressing the chimera
TPK4pore2TPK2, TPK4pore2TPK3, TPK4pore2TPK5, TPK4pore1pore1 or the variant
TPK4Y198F. Asterisks indicate the signiﬁcance level of a t-test comparing the
permeability ratios of TPK4 and TPK4 mutants (**P 6 0.01; ***P 6 0.001).
Table 3
Permeability ratios of different TPK4 pore mutants (mean ± S.E.).
Channel Rb+/K+ Na+/K+ n
TPK4 0.75 ± 0.012 0.03 ± 0.001 11
TPK4pore2TPK2 0.97 ± 0.007 0.01 ± 0.001 6
TPK4pore2TPK3 0.92 ± 0.02 0.02 ± 0.002 7
TPK4pore2TPK5 0.83 ± 0.005 0.02 ± 0.001 4
TPK4pore1pore1 0.72 ± 0.01 0.05 ± 0.015 3
TPK4Y198F 0.87 ± 0.056 0.02 ± 0.002 3
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potassium channels in the case of TPK4 with the second pore re-
gion of TPK2, TPK3 and TPK5 but neither with the second pore re-
gion of TPK1 nor the single pore region of KCO3. Fast changes in the
membrane potential led to instantaneous currents in all functional
pore-chimeras similar to typical TPK4 currents [15] (Fig. 1a and b;
Supplementary Fig. S3). Plotting the currents against the applied
voltage revealed a TPK4-like linear IV-relation (Fig. 1d and e; Sup-
plementary Fig. S3). The negative slope seen for depolarised mem-
brane potentials is reminiscent of the voltage-dependence of the
TPK4 single channel conductance [15].
Blockage by larger cations is generally observed for potassium
channels. Accordingly, extracellular Cs+ and Ba2+ block TPK4 at
low millimolar concentrations. Similar results were obtained for
the pore chimera TPK4pore2TPK5 (Fig. 1c and f). Since the selectiv-
ity of K+ channels is located in the pore loop, we determined the
permeability for Rb+ and Na+ relative to K+. The alignment of the
second pore of TPK2, TPK3, TPK4 and TPK5 revealed identical signa-
ture sequences among these channels (Supplementary Fig. S2). In
accordance with the primary structure we observed that the pore
chimeras show the same strong preference for K+ over Na+ as wild
type TPK4. The relative permeability (rp) for Rb+ was, however,
increased in the chimera TPK4pore2TPK2 and TPK4pore2TPK3
(t-test; P 6 0.001) and signiﬁcantly enhanced for TPK4pore2TPK5
(t-test; P 6 0.01) (Fig. 2 and Table 3). These ﬁndings demonstrate
that the pore-domains of TPK2, TPK3 and TPK5 can be integrated
into functional potassium-selective chimeric channels, which then
exhibit the same instantaneous currents, pH-gating and weak in-
ward-rectiﬁcation like TPK4. Furthermore our results indicate that
the vacuolar TPK2, TPK3 and TPK5 are potassium channels with a
similar selectivity and instantaneous activity as TPK4. The presence
of 14-3-3 binding sites in all vacuolar TPKs and the prediction of a
single Ca2+ binding EF-hand in TPK2 and TPK3 suggest a regulation
of TPK2/3 by 14-3-3 and Ca2+ similar to that of TPK1 [16,17].Fig. 1. Biophysical properties of TPK4 and TPK4pore2TPK5. Whole-cell currents of oocyt
recorded using the DEVC-technique. (a and b) The standard bath solution was composed
buffer pH 7.5. The membrane potential was clamped at a holding potential of 30 mV,
followed by a step to 60 mV, before returning again to the holding potential. (d and e
measured in the presence of 10 mM K+ (s), and 100 mM K+ (h). The steady-state current
and f) To illustrate and to compare the voltage-dependency of the Ba2+ (c) and Cs+ (f) bloc
5 mM Cs+, 5 mM Ba2+ or (h) without inhibitor. TPK4 (dashed line) and TPK4pore2TPK
inhibitors and plotted against the membrane voltage.Since the pore chimera TPK4pore2TPK1 was non-functional,
we wondered whether the TPK1 pore2-domains might not ﬁtes expressing either TPK4 (a and d) or the chimera TPK4pore2TPK5 (b and e) were
of 30 mM KCl, 70 mM NMDG-Cl, 1 mM MgCl2, 0,5 mM CaCl2 and 10 mM Mes/Tris
and stepped from +60 mV to 130 mV in 10 mV decrements. Each test pulse was
) Current–voltage relation of currents as shown in (a and b) (+, 30 mM K+) and as
s were normalised to the current at 130 mV in 100 mM K+, mean ± S.E.; n = 7–9. (c
k, the oocytes were incubated in the standard bath solution supplemented (s) with
5 currents (solid line) were normalised to the current at 0 mV in the absence of
2436 D. Marcel et al. / FEBS Letters 584 (2010) 2433–2439structurally and functionally to the pore-domains of TPK4 due to
their low sequence similarity. To test this hypothesis we ex-
changed also pore one of TPK4pore2TPK1 by that of TPK1, leading
to the whole pore solely built by TPK1 sequences (Supplementary
Fig. S2a and b). However, this additional domain swapping did not
result in a functional channel either. The fact that TPK1 belongs to
a different subgroup of plant tandem-pore K+ channels than the
residual Arabidopsis TPKs, might explain the incompatibility of
the TPK1 pore regions with the TPK4 transmembrane domains.
Interactions between the basal part of the pore-helix and the S6
helix (TM2 or TM4 in TPKs) are known to affect gating of animal
Kir and Kv K+ channels [23,24]. Furthermore the pore loop of the
outward rectifying plant Shaker K+ channel SKOR was shown to
interact with the transmembrane helix S6 thereby stabilising the
pore geometry in a K+-dependent manner [25]. Therefore, the
TPK4/TPK1 chimera might remain non-functional due to the
incompatibility of the TPK1 pore with the ﬂanking TMs of TPK4.
To gain deeper insight into the pore architecture of TPKs, we
tested whether the two pore regions of TPK4 are interchangeable.
The ﬁrst pore region of TPK4 exhibits a seven amino acid longer
turret than pore region two and displays major amino acid differ-
ences in the pore sequence (Supplementary Fig. S2a). Three mu-
tants with the pore combination, P1P1, P2P2, and P2P1 were
tested in oocytes. Only the combination P1P1 formed a functional
channel, conﬁrming our ﬁnding that only TPK4 pore two can be re-
placed in this background. This notion is consistent with the muta-
tional analysis of the second pore-domain of NtTPK1 [21]. Even the
replacement of the GYG of the K+ channel signature sequence in
pore 2 by three alanines resulted in a potassium-selective channel.
The GYG sequence in the ﬁrst pore, however, cannot be replaced in
NtTPK1. The pore chimera TPK4pore1pore1 like the other pore chi-
mera gave rise to instantaneous potassium currents (Supplemen-
tary Fig. S3e and f) and TPK4 wild type-like relative permeability
for Rb+ (0.72 ± 0.01) (Fig. 2 and Table 3).
2.3. Mutational analysis of TPK4 selectivity ﬁlter
Since the A. thaliana TPK4 subunit consists of two pore-
domains two subunits will form a homodimer, just like its animal
counterpart TWIK1 [26]. Therefore, a dominant-negative muta-
tion of one pore-domain should be sufﬁcient for abolishing
potassium permeation. We separately mutated aspartates
(Asp86, Asp200, Supplementary Fig. S2a and b) at the external
part of the selectivity ﬁlter of both pore-domains to asparagines.
Substitution by asparagine is often observed in the ﬁrst pore-
domain (25 of 114 sequences) of tandem-pore channels and
there are at least four Caenorhabditis channels, which exhibit
the same pore combination (GYGN-GYGD) [27] like our
TPK4D86N mutant. Despite these observations, TPK4D86N was
non-functional. On the contrary, the aspartate in the second
pore-domain (Asp200 inTPK4) is nearly invariant (113 of 114
channel sequences) and thus the lack of currents in oocytes
expressing TPK4D200N is explained by the strong functional con-
servation throughout the channel family. These results suggest a
dimeric assembly of the channel with both pore-domains con-
tributing to the permeation pathway. The possibility to assemble
heteromeric but functional pores indicates that formation of het-
eromeric channels within Arabidopsis TPK-family might be possi-
ble. But heteromer formation seems more likely between
vacuolar TPK2, TPK3, and TPK5, which show higher overall simi-
larity among each other than to TPK1. However, besides the pore
the C- as well as the N-termini of K+ channels were shown to
contribute to the assembly of individual subunits to heteromeric
channels [28–30]. Recent FRET-based investigations on TPK/KCO
interaction suggested that TPK channels form homomeric chan-
nels only. Those experiments showed that interaction occursnot between TPK1, TPK5 and KCO3, but interactions between
TPK2, TPK3, and TPK5 could not be ruled out so far [31].
As stated above, the tyrosine residue between the two glycines
in the second selectivity ﬁlter of animal tandem-pore channels is
often replaced by the iso-steric phenylalanine. In plant tandem-
pore channels, however, this replacement is a rare event. We
therefore examined whether substitution of tyrosine 198 to
phenylalanine in TPK4’s pore-domain two affects channel selectiv-
ity. The variant TPK4Y198F displayed a Na+/K+ permeability ratio
similar to wild type TPK4, whereas a signiﬁcantly (t-test,
P 6 0.01) enhanced permeability for rubidium could be observed
(K+(1) > Rb+(0.87 ± 0.056) Na+(0.02 ± 0.002); mean ± S.E.; n = 3,
Fig. 2 and Table 3). It thus seems that the loss of the hydroxyl group
and the putative hydrogen bonds of the original tyrpsine hydroxyl
group to threonine residues in the second subunit are only of min-
or importance for the stabilisation and size of the selectivity ﬁlter.
2.4. Aspartate110 in TM2 determines rectiﬁcation of TPK4
The pore chimera properties showed that an exchange of the
second pore in TPK4 region did neither change gating (voltage
dependence, inward rectiﬁcation) properties nor its response to
acidiﬁcation (not shown). In case of the acidiﬁcation-induced
channel inhibition, we assume that the sensor is located outside
the pore in the cytoplasmic part of the channel, which was not ex-
changed upon chimera generation.
In contrast to voltage-gated cation channels (Kv), Kir-type and
TPK channels lack a canonical voltage-sensing domain (VSD). None-
theless TPK4, like Kir-type channels, exhibits inward rectiﬁcation
(Fig. 1). Interestingly, Kir1.1 (ROMK1) shows a similar weak inward
rectiﬁcation like TPK4, which is caused by Mg2+ and polyamine
inhibition [32,33]. Similar to Kir1.1 the external potassium concen-
tration seems to inﬂuence the TPK4 afﬁnity towards the inhibitor
[32] (Fig. 3f). For Kir1.1 and other (stronger rectifying) Kir channels
it has been demonstrated that the blockage by Mg2+ depends on
electrostatic interaction of Mg2+ with an asparagine (Kir1.1,
ROMK1) [32] or an aspartate residue (Kir2.1, IRK1) [34,35] in the
second transmembrane domain. These residues are likely orien-
tated towards the water-ﬁlled cavity of the channel pore.
Very recently Kurata et al. [36] postulated another rectiﬁcation
mechanism for Kir6.2, a ligand-gated channel lacking any canoni-
cal voltage-sensing domain. Introduction of a glutamate at position
157 in Kir6.2 (the corresponding position as described for Kir1.1 or
Kir2.1 above [32,34,35]), resulted in an outwardly rectifying K+
channel with time-dependent activation kinetics. This gain of rec-
tiﬁcation required high intra-cellular K+ concentrations and was
not caused by a blockage of internal cations. This indicates that
‘‘voltage-sensor less” K+ channels are indeed capable to perform
voltage-dependent gating.
In order to explore the rectiﬁcation properties of TPK4, we mod-
elled the TPK4 sequence to the known structure of KcsA [2] and
compared the model with the inward-rectifying potassium chan-
nels of animals (Kir). Based on the homology model of TPK4 we
identiﬁed an aspartate residue in TM2, facing the water cavity with
its pore-lining side chain carboxylate group (Fig. 4). In contrast to
Kir2.1, possessing an aspartate in TM2 and TM4, TPK4 harbours
only an aspartate in TM2 but not in TM4. Consequently, we substi-
tuted the aspartate by asparagine at position 110 in TPK4. This mu-
tant (TPK4D110N) indeed lost its rectiﬁcation (Fig. 3a and d) and
outward- but not inward-currents became potassium-independent
(Fig. 3g). This observation suggests that TPK4 inward-rectiﬁcation
depends on an electrostatic interaction of extracellular potassium
with aspartate 110, thereby inﬂuencing outward currents.
Charge-reversal by exchanging Asp110 with arginine converts
TPK4 into a strong inward-rectiﬁer with instantaneous activity
(Fig. 3b and e). In contrast to wild type TPK4, inward-currents were
Fig. 3. Biophysical properties of TPK4 and the variants TPK4D110N and TPK4D110R. (a and b) Current responses of (a) TPK4D110N- and (b) TPK4D110R-expressing oocytes in
the standard bath solution to a pulse protocol as described for Fig. 2. Note the missing rectiﬁcation seen for the variant TPK4D110N and the non-proportional increase of the
inward-currents seen for the variant TPK4D110R. (c) TPK4 current–voltage-relationship in the standard bath solution containing 100 mM K+. The oocytes were differentiated
according to their TPK4 current amplitudes into (s) high, (+) medium, and (h) low expressors. (d and e) Current–voltage relationship of (d) the variants TPK4D110N and (e)
TPK4D110R at (s) 10 mM K+, (+) 30 mM K+ and (h) 100 mM K+ in the standard bath solution. Currents were normalised to the currents at 130 mV in 100 mM K+
(mean ± S.E.; n = 7). (f and g) Potassium dependency of (f) TPK4 and (g) TPK4D110N currents at (s) 10 mM K+, (+) 30 mM K+ and (h) 100 mM K+ in the standard bath solution.
Currents were plotted against the respective driving force (V  Vrev; mean, n = 7–9).
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than proportionally upon hyperpolarisation. A similar mutation in
Kir1.1 (N171R) exhibited an identical effect. The inward rectiﬁca-Fig. 4. Ribbon representations of the structure model of TPK4 in the closed
conformation. The two channel forming subunits are displayed in green and yellow.
The magenta and purple spheres indicate the water molecule and K+ ions occupying
the selectivity ﬁlter as observed in the crystal structure of KcsA (PDB entry 1BL8).
The position of aspartate 110 within TM2 is marked in red. Its side chain faces the
water-ﬁlled cavity (transparent grey) in the channel pore.tion of this Kir1.1 mutant was not caused by Mg2+ anymore, but
could be attributed to electrostatic effects of adding a positive
charge to the membrane’s internal pore surface [32]. This very
likely is true for TPK4D110R as well. Substitution of Asp110 by ala-
nine led to a non-functional TPK4 (not shown). The charge-reversal
as well as substitution by the apolar residue alanine underlined,
that the pore-lining aspartate 110 exerts an important electrostatic
effect, which contributes to potassium conductivity.
In contrast to the Kir6.2 mutant L157E [36], TPK4-mediated cur-
rents do not display time-dependent activation kinetics. The nega-
tive slope of TPK4 currents at depolarised membrane potentials
and the dependence of outward currents on the expression level
(Fig. 3c), however, suggests that the rectiﬁcation is due to a block
of the pore by Mg2+ or other large, impermeable cations. These cat-
ions would be drawn into the pore at membrane potentials posi-
tive from the reversal potential and thereby prevent potassium
permeation. Recently, Hamamoto et al. [21] performed patch
clamp experiments with NtTPK1 and challenged the tandem-pore
channel with putrescine, spermine and spermidine, polyamines
well known as physiologically important regulators of ion channels
[37–40]. Similar to AtTPK4, NtTPK1 harbours an aspartate in TM2
and exhibits K+ current rectiﬁcation. The addition of polyamines,
however, reduced NtTPK1-mediated currents only moderately at
positive as well as negative voltages. In contrast to AtTPK4, AtTPK2,
AtTPK3 and AtTPK5, AtTPK1 do not harbour an aspartate at the cor-
responding position in TM2, but it rectiﬁes too. Thus forthcoming
inside-out patch clamp studies combined with a mutational ap-
proach have to elucidate the molecular mechanism of TPK-medi-
ated K+ current rectiﬁcation.
3. Materials and methods
3.1. Molecular cloning procedures
TPK4 mutants were generated by site-directed mutagenesis
using the proof-reading DNA-polymerase Phusion™ (Finnzymes,
2438 D. Marcel et al. / FEBS Letters 584 (2010) 2433–2439Espoo, Finland). For creation of the pore-chimera BstZ1107I and
BamHI recognition sites were introduced into the transmembrane
segments 1 (TM1) and TM2, whereas AgeI and NaeI recognition
sites were introduced into TM3 and TM4 of TPK4, respectively.
The cDNA encoding the pore regions of the TPKs and KCO3 were
ampliﬁed by PCR, using primers containing adaptors for the
respective restriction sites. The fragments were ﬁnally ligated into
TPK4AgeI-NaeI/pGEMHE (pore2TPK1, pore2TPK2, pore2TPK3, por-
e2TPK5, poreKCO3) or into TPK4BstZ1107I-BamHI-AgeI-NaeI/
pGEMHE (TPK4pore1pore1, TPK4pore2pore1, TPK4pore2pore2,
pore1pore2TPK1). The ﬁnal amino acid sequence of the respective
chimeras are illustrated in the alignment of Supplementary Fig. S2a
and b, which was derived using the software M-coffee [41]. Primer
sequences are available upon request.
3.2. Electrophysiology
Plasmid DNA (pGEMHE, Liman et al. [42]) was linearised using
NheI and transcribed in vitro using the Ampli-cap™ T7-High-yield
RNA ampliﬁcation kit (EPICENTRE Biotechnologies, Madison, WI,
USA). Oocyte preparation and cRNA-injection were performed as
described previously [43]. Two to six days after injection Double-
Electrode Voltage-Clamp recordings were performed using a Turbo
TEC 03X ampliﬁer (npi electronic GmbH, Tamm, Germany) and 3 M
KCl ﬁlled Ag/AgCl electrodes with 0.5–1.5 MX input resistance. The
oocytes were perfused at room temperature using buffers contain-
ing 100 mM XCl (X = K+, Rb+, Na+), 1 mM MgCl2, 0.5 mM CaCl2 and
10 mM Tris/Mes at pH 7.5. NMDG-Cl was used to maintain the
chloride concentration as well as the ionic strength in lower con-
centrated potassium solutions. The permeability ratios PRb/PK and
PNa/PK were calculated from the Goldman–Hodgkin–Katz equation
assuming constant internal ion concentrations: P(Na/Rb)/PK =
exp[(Erev(Na/Rb)  ErevK)FR1 T1]. The reversal potentials (Erev) were
calculated from the steady-state currents with 100 mM XCl in the
bath solution.
3.3. TPK4 homology modelling
TPK chimeras were built by homology modelling using our
KscA-based model for TPK1 as initial template. The previously pub-
lished TPK1 structure model was obtained using the crystal struc-
ture of the potassium channel pore-domain of S. lividans KscA (PDB
entry 1BL8). Brieﬂy, the amino acid sequences of the TPK chimera
and of the template structure of TPK1 were aligned using CLU-
STALW; differing amino acid residues were substituted using the
ProteinDesign tools of the software QUANTA2006 (Accelrys Inc.,
San Diego, CA, USA). Steric clashes between residues due to van
der Waals overlap were removed by performing rotamer searches
for the side chain(s) of the affected residues using the XBUILD tool
in QUANTA2006. To reﬁne the model structures 100 steps of en-
ergy minimisation using only geometric energy terms and short
(10–20 ps) molecular dynamic simulations in vacuo were
performed. Coordinate changes far outside the site of mutations
were restricted by ﬁxing residues further than 5 Å away from the
site of amino acid exchanges. Coordinate ﬂuctuations were mini-
mised by restraining the residues that undergo reﬁnement ﬁrst
using a strong positional harmonic potential (force constant
50 kcal mol1 Å2) and subsequently lowering these harmonic re-
straint stepwise to zero. The output ﬁle of this simulation is avail-
able upon request.
3.4. Phylogenetic analysis
In order to ﬁnd putative homologs of At TPKs we applied blast-
algorithms (blastp, tblastn; [44,45]) to search for tandem arrange-
ments of putative potassium-selective pore-domains in GenBank,RefSeq, DDBJ, Swiss-Prot, EMBL and JGI databases. For this we used
default blast parameters and TPK1 and TPK4 protein sequences as
templates. Blast results were analysed manually for true tandem-
pore arrangements. As the blast-results were plant two-pore
channel biased we supplemented them with several animal
tandem-pore potassium channel sequences. By this means we
collected 114 sequences, of which 68 channels were then subjected
to K-align, a fast and accurate multiple sequence alignment
algorithm at the European Bioinformatics Institutes website [46,
47]. The default alignment parameters were used (gap open
penalty = 11.0, gap extension penalty = 0.85, terminal gap penalties =
0.45, bonus score = 0).
Phylogenetic and molecular evolutionary analyses based on this
alignment were conducted usingMEGA version 4 [48]. For phyloge-
netic tree calculation the neighbour-joining method [49] was
implemented. A bootstrapped consensus tree was inferred from
1000 replicates [50]. The evolutionary distances were computed
using the Poisson correction method [51]. All positions containing
alignment gaps and missing data were only eliminated in pairwise
sequence comparisons (pairwise deletion option). There were a
total of 1978 positions in the ﬁnal dataset.
In order to localise TPK genes on paralogous blocks within the
Arabidopsis genome AGI locus identiﬁers were supplied to the anal-
ysis tool on Ken Wolfe’s lab website (http://wolfe.gen.tcd.ie/athal/
dup) [20].
3.5. Accession numbers
The AGI locus identiﬁers of A. thaliana TPK/KCO channels are:
TPK1 At5g55630; TPK2 At5g46370; TPK3 At4g18160; TPK4
At1g02510; TPK5 At4g01840; KCO3 At5g46360. The GenBank/Ref-
Seq/Swiss-Prot/DDBJ/EMBL/JGI – Accession numbers of sequences
used in the phylogenetic analysis of putative tandem-pore chan-
nels can be retrieved from Data ﬁle S2.
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